There is growing evidence that serotonin (5-hydroxtryptamine, 5-HT) has major influences on brain development in mammals. 
I
n addition to functioning as a neurotransmitter in the adult central nervous system, increasing evidence points to a major role for serotonin (5-hydroxtryptamine, 5-HT) in mammalian brain development. The midbrain 5-HT-producing raphe neurons exhibit differentiation and forebrain innervation relatively early in utero. Subsequently, 5-HT acts to modulate cell division, neuronal migration, cell differentiation, and synaptogenesis (1) (2) (3) . Perturbation of brain 5-HT levels during the neonatal period has been shown to disrupt normal cortical development in rodents. Postnatal depletion of 5-HT retards rodent cortical development (4) (5) (6) (7) (8) (9) . Conversely, genetically and pharmacologically induced elevations of brain 5-HT levels cause abnormal development of cortical cytoarchitecture (10) (11) (12) .
The rodent whisker-to-somatosensory cortex pathway provides an excellent model system for studying the effects of disruptions of 5-HT system neurotransmission on cortical development and function. During late embryonic to early postnatal development, the rodent mystacial whiskers form one-toone connections by means of the brainstem trigeminal complex and the ventral posteromedial thalamus with dedicated neuronal clusters (barrels) in layer IV of the primary somatosensory cortex (13) . 5-HT activity in thalamocortical neurons during the neonatal period is essential to the formation of normal whisker barrels (5, 6, (14) (15) (16) (17) (18) (19) . The 5-HT transporter (5-HTT) and the 5-HT 1B receptor subtype (5-HT 1B R) exhibit high transient expression in somatosensory and other cortical regions during early postnatal life (16, (20) (21) (22) (23) (24) (25) . Genetic inactivation of the 5-HTT or another major regulatory component of the 5-HT system, monoamine oxidase A (MAOA), prevents the development of topographically organized whisker-barrel fields in the mouse somatosensory cortex (10, 11, 26, 27) . These cytoarchitectural defects appear to be caused by excessive levels of 5-HT in the brain during a critical period of development; they can be rescued by depletion of brain 5-HT during postnatal day (P) 0 and P1 (10, 11, 27) .
Although the neuroanatomical deficits caused by perturbation of 5-HT functions have been consistently observed, little is known about the consequences of these perturbations on functional activities during sensitive periods of cortical development. In the present study, the functional integrity of the mouse whisker-to-somatosensory cortex pathway during sensory stimulation was assessed in mutant mice lacking the 5-HTT (5-HTT Ϫ/Ϫ ). Local cerebral glucose utilization (lCMR glc ) was measured during unilateral vibrissal stimulation in awake adult mice by the 2-deoxy[
14 C]glucose method (28) . Functional activation of lCMR glc has previously been shown to be a highly sensitive assay for quantifying neural responses to sensory stimuli in awake unanesthetized mice (29, 30) . In addition, to test the hypothesis that any impairments in sensory function found in the whisker-to-somatosensory cortex pathway in 5-HTT Ϫ/Ϫ mice might be due to excess 5-HT levels in the postnatal brain, mutant and normal mice were treated with the selective tryptophan hydroxylase inhibitor p-chlorophenylalanine (PCPA) during P0 and P1 and then examined for their lCMR glc responses to whisker stimulation during adulthood. 
Materials and Methods

Animals. 5-HTT
Ϫ/Ϫ mice were generated as described in ref. 31 . For the present study, the 5-HTT null mutation was backcrossed onto a C57BL͞6J background. were littermates derived from 5-HTT ϩ/Ϫ ϫ 5-HTT ϩ/Ϫ matings and were raised and housed together in same-sex groups.
Local cerebral glucose utilization was measured bilaterally during unilateral whisker stimulation in two paired groups of Ϸ10-month-old mice. One pair consisted of six (two male and four female) 5-HTT Ϫ/Ϫ and five (three male and two female)
5-HTT
ϩ/ϩ mice. The other pair consisted of five (two male and three female) 5-HTT Ϫ/Ϫ and six (two male and four female)
ϩ/ϩ mice treated with the selective tryptophan hydroxylase inhibitor PCPA. PCPA (300 mg͞kg) in normal saline was injected s.c. once daily on P0 and P1. This treatment regimen has been shown to reduce brain 5-HT levels in mice (32) and to be 
Values are means Ϯ SEM in number of animals indicated. Note that 5-HTT Ϫ͞Ϫ mice showed significantly lower baseline rates of glucose utilization than 5-HTT ϩ͞ϩ controls with or without postnatal PCPA treatment. * , P Ͻ 0.05 and ** , P Ͻ 0.01 for differences between 5-HTT Ϫ͞Ϫ and 5-HTT ϩ͞ϩ mice (ANOVA followed by unpaired t tests).
sufficient to rescue cytoarchitectonic barrel field malformations in 5-HTT Ϫ/Ϫ mice (26).
Procedure. All procedures carried out in the animals were in accordance with the National Institute of Mental Health (NIMH) Guide for Care and Use of Laboratory Animals and approved by the NIH Animal Care and Use Committee. Mice were maintained on a 12-h light͞dark cycle in an environment with controlled humidity and temperature, and food and water were provided ad libitum. In preparation for the measurement of lCMR glc , polyethylene catheters (PE 10, Clay Adams) were inserted into the left femoral artery and vein under light halothane anesthesia (5% for induction and 1.0-1.5% for maintenance in 100% O 2 ). The incisions were then sutured, and 5% lidocaine ointment was applied to the wound. A loose-fitting plaster cast was fitted to the lower torso and pelvis and taped to a lead brick to prevent ambulation during whisker stimulation. Vibrissae on the left side of the face were selected for unilateral stimulation, and those on the right side were clipped close to the skin to minimize spurious stimulation on the control side. At least 3 h were then allowed for recovery from the surgery and anesthesia before lCMR glc was measured. lCMR glc was determined bilaterally by the quantitative autoradiographic 2-deoxy[ 14 C]glucose method described in refs. 28 and 30. Stimulation of the vibrissae only on the left side by continuous brushing with a soft paintbrush at a rate of 2-3 Hz was initiated with the injection of 2-deoxy[ 14 C]glucose and continued throughout the full 45 min of the procedure. Body temperature was continuously monitored with a rectal thermometer and maintained by a heat lamp and heating pad throughout the surgical and experimental procedures. Mean arterial blood pressure was monitored with a Digi-Med blood pressure analyzer (Model 300, Micromed, Louisville, KY); hematocrit was measured in arterial blood samples centrifuged in a Microfuge B (Beckman Coulter). Arterial plasma glucose levels were assayed in a Glucose 2 Analyzer (Beckman Coulter).
Statistical Analyses. Differences in physiological variables and resting (baseline) rates of lCMR glc between genotypes were statistically analyzed by Student t tests. Interactions between genotype and whisker stimulation (stimulated vs. unstimulated sides) on lCMR glc were analyzed by two-way ANOVA. When significant interactions between genotype and whisker stimulation were found, further comparisons were made by NewmanKeuls posthoc tests. Differences in percentage increases in lCMR glc due to whisker stimulation (i.e., side-to-side differences between stimulated and unstimulated sides) within and between genotypes were analyzed by Student t tests applied to the logarithms of the percentage increases. Statistical significance was set at P Ͻ 0.05.
Results
Physiological Variables. Arterial blood pressure, hematocrit, and plasma glucose levels did not differ statistically significantly n ϭ 5-6 per genotype. ‡ ‡, P Ͻ 0.005 and ‡, P Ͻ 0.05 for differences in glucose utilization between unstimulated and stimulated sides (paired t tests). ** , P Ͻ 0.01 and * , P Ͻ 0.05 for differences in the percentage increases in glucose utilization due to stimulation in 5-HTT ϩ/ϩ and 5-HTT Ϫ/Ϫ mice (unpaired t tests on logarithms of percentage increases). † †, P Ͻ 0.01 and †, P Ͻ 0.05 for differences in baseline rates of glucose utilization measured in the unstimulated side between 5-HTT ϩ/ϩ and 5-HTT Ϫ/Ϫ mice (unpaired t tests).
between 5-HTT Ϫ/Ϫ and 5-HTT ϩ/ϩ mice or between mice treated and untreated with PCPA (Table 1) .
Baseline lCMRglc. In PCPA-untreated mice, baseline lCMR glc was lower (Ϫ7% to Ϫ34%) in 5-HTT Ϫ/Ϫ mice than in 5-HTT ϩ/ϩ mice in all 27 brain structures examined; 17 of the reductions were statistically significant (Ϫ13% to Ϫ34%; P Ͻ 0.05) ( Table 2 ). In the mice treated with PCPA, baseline lCMR glc was also lower in all 27 structures in the 5-HTT Ϫ/Ϫ mice than in the 5-HTT ϩ/ϩ mice, with 18 of them statistically significant (Ϫ11% to Ϫ25%; P Ͻ 0.05) ( Table 2) .
Effects of Whisker Stimulation on lCMRglc. There were statistically significant interactions between genotype and effects of whisker stimulation on lCMR glc in the four stations of the whisker-tobarrel cortex sensory pathway (P Ͻ 0.02). Left-sided whisker stimulation significantly increased lCMR glc in the ipsilateral (left) spinal and principal sensory trigeminal nuclei and the contralateral (right) ventral posteromedial thalamic nucleus and somatosensory cortex in both 5-HTT ϩ/ϩ and 5-HTT Ϫ/Ϫ mice but markedly less so in all stations of the pathway in the 5-HTT Ϫ/Ϫ mice than in the 5-HTT ϩ/ϩ mice ( Figs. 1 and 2 ). The percentage increases in lCMR glc evoked by whisker stimulation were significantly lower in the spinal trigeminal nucleus (P Ͻ 0.001), principal sensory trigeminal nucleus (P Ͻ 0.05), and somatosensory cortex (P Ͻ 0.05) of the 5-HTT Ϫ/Ϫ mice than the 5-HTT ϩ/ϩ mice; the percentage stimulation in the ventral posteromedial thalamic nucleus was also substantially lower in the 5-HTT Ϫ/Ϫ mice, although just short of statistical significance (P ϭ 0.055) (Fig. 1) . Consistent with the reductions observed in most other brain regions, baseline lCMR glc was significantly lower in all four stations of the whisker-to-barrel cortex pathway on the unstimulated side in the 5-HTT Ϫ/Ϫ mice than in the 5-HTT ϩ/ϩ mice (P Ͻ 0.05). In contrast, there were no statistically significant interactions between genotype and effects of whisker stimulation on lCMR glc in any of the four stations of the whisker-to-somatosensory cortex pathway in the PCPA-treated mice (all P Ͼ 0.05). Unilateral whisker stimulation statistically significantly (P Ͻ 0.001) increased lCMR glc in the ipsilateral spinal and principal sensory trigeminal nuclei and in the contralateral ventral posteromedial thalamic nucleus and somatosensory cortex in both the PCPA-treated 5-HTT Ϫ/Ϫ mice and the PCPA-treated 5-HTT ϩ/ϩ mice (Fig. 3) . The magnitudes of these increases were essentially the same in both genotypes, and the percentage increases in lCMR glc due to whisker stimulation did not differ statistically significantly between the genotypes in any of the four stations (P Ͼ 0.05) (Fig. 3) . Baseline lCMR glc , however, was statistically significantly lower in the 5-HTT Ϫ/Ϫ mice than in the 5-HTT ϩ/ϩ mice in all four stations (all P Ͻ 0.05).
Discussion
The present study demonstrates that genetic inactivation of the 5-HTT in the mouse leads to deficits in functional responses to stimulation in at least one major somatosensory pathway. The increases in glucose utilization evoked by whisker stimulation were markedly lower in the four major stations of the pathway (spinal trigeminal nucleus, principal sensory trigeminal nucleus, ventral posteromedial nucleus of the thalamus, and somatosensory cortex) of 5-HTT Ϫ/Ϫ mice than in 5-HTT ϩ/ϩ mice. Although reduced, the responses in the 5-HTT Ϫ/Ϫ mice were not fully eliminated. Interestingly, this partial sparing of the functional responses in the somatosensory cortex contrasts with the more complete cytoarchitectonic loss of cortical barrel fields found in 5-HTT Ϫ/Ϫ mice (26, 27) .
The functional and neuroanatomical deficits in the somatosensory cortex of the 5-HTT Ϫ/Ϫ mice can be prevented by inhibition of 5-HT synthesis during postnatal development of the nervous system. The present study shows that systemic treatment with the selective tryptophan hydroxylase inhibitor PCPA on P0 and P1 restores the functional activations in the adult whiskersomatosensory cortex pathway in 5-HTT Ϫ/Ϫ mice. This finding is consistent with the previous demonstration that cytoarchitectural abnormalities in the cortical barrel field are also reversed in these mice by the same regimen of postnatal PCPA treatment (26, 27) . Taken together, these findings suggest that abnormally high cortical 5-HT levels during the early neonatal period may underlie, at least in part, the functional impairment of the whisker-somatosensory cortex system observed in 5-HTT Ϫ/Ϫ mice.
Modest functional and cytoarchitectonic impairments of the rodent somatosensory system can also be produced by pharmacological depletion of 5-HT in the postnatal period (33) . Consistent with this effect, we found that although PCPA treatment raised the responses of lCMR glc to whisker stimulation in 5-HTT Ϫ/Ϫ mice to the same levels as those in PCPA-treated 5-HTT ϩ/ϩ mice, the responses in both PCPA-treated groups were somewhat lower than those seen in the untreated 5-HTT ϩ/ϩ mice. This difference underscores the importance of a fine-tuned level of 5-HT activity for normal development of this pathway and the functional consequences of either abnormally increased or decreased 5-HT levels during early life. (34) and could reflect inhibitory neural effects of increased 5-HT neurotransmission resulting from genetic and pharmacological inactivation of the 5-HTT. However, several other studies employing pharmacological and electrophysiological manipulations to elevate or deplete 5-HT levels in brain have led to inconsistent effects on brain metabolism (35, 36) . Thus, the mechanisms and functional relevance of the widespread reductions in baseline lCMR glc in 5-HTT Ϫ/Ϫ mice remain to be fully elucidated.
The development of rodent sensory cortices involves the orchestration of multiple molecular and activity-related factors (37) (38) (39) (40) . The role of 5-HT in this highly complex milieu is not fully understood. The 5-HTT and 5-HT 1B R are both transiently expressed at high levels in thalamocortical projections to the somatosensory cortex during postnatal development (14-16, 20-24, 41) . The activation of presynaptic 5-HT 1B Rs by 5-HT on these neurons has been associated with inhibition of glutamate release (42) , a critical mechanism in the formation of thalamocortical connections (43) . On the basis of these observations, it has been hypothesized that the disruption of glutamatergic activity produced by overactivity of 5-HT 1B Rs may contribute to the developmental abnormalities seen in the somatosensory cortex of 5-HTT Ϫ/Ϫ mice (2, 27) . This hypothesis is supported by the finding that postnatal pharmacological stimulation of the 5-HT 1B R disrupts rat somatosensory barrel field development (44) , whereas gene deletion of the 5-HT 1B R rescues the loss of the barrel fields in 5-HTT Ϫ/Ϫ and MAOA Ϫ/Ϫ mice (19, 27) . Given the complexity of the development of this system, however, it is likely that additional mechanisms are involved.
The whisker-to-somatosensory cortex pathway provides an excellent model system for studying developmental influences on cortical function. The study of functional abnormalities in the somatosensory cortex of 5-HTT Ϫ/Ϫ mice may provide insight into the possible effects of disrupted 5-HT function on the development of other cortical regions.
5-HTT
Ϫ/Ϫ and MAOA Ϫ/Ϫ mice exhibit abnormal development of the retinogeniculate visual system (27, 45) . Transient postnatal expression of the 5-HTT and 5-HT 1B R observed in thalamosomatosensory neurons is also evident in thalamic projections to other cortical areas, possibly including the limbic and prefrontal regions (2, 46, 47) . Although the potential relevance of these developmental patterns to the mediation of higher brain functions is currently unknown, they may be highly salient to growing evidence that disruption to 5-HT function during critical developmental periods produces lasting abnormalities in cognition and emotion (48) (49) (50) (51) (52) (53) . Understanding the potential negative effects of developmental disruptions to 5-HT function for neural function and behavior throughout the lifespan will be an important goal for future research. In summary, the present study demonstrates that gene deletion of the 5-HTT results in permanent deficits in the functional responsiveness of the whisker-to-somatosensory cortex pathway to sensory input in mice. The functional integrity of the system can, however, be restored by reducing brain 5-HT levels during the first postnatal days, thereby implicating excessive 5-HT in the pathogenesis of these impairments. These findings add to a growing literature describing how perturbation of 5-HT early in life disrupts brain development, with pervasive consequences for complex neural functions.
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